Reduced cycle life is one of the issues hindering the adoption of large lithium-ion battery systems in cold-climate countries. Thus, the aging mechanisms of commercial graphite/LiFePO4 (lithium iron phosphate) cells at low temperatures (room temperature, 0 °C and −18 °C) are investigated here through an extended post-mortem analysis. The cylindrical 2.3 Ah cells were cycled with a simulated battery electric vehicle load profile, and the aged cells were then disassembled inside an argon-filled glove box. A non-cycled cell was also dismantled as a reference. Half-cell testing was utilized to evaluate the degradation of the electrochemical performance of the electrodes, whereas X-ray diffraction, scanning electron microscopy, energy dispersive X-ray spectroscopy, inductively coupled plasma optical emission spectroscopy and Raman spectroscopy were used to characterize the changes in the materials properties. The full-cell performance loss was mostly seen as capacity fade whereas significant changes in the cell impedance were not observed. Depending on the cycling temperature, loss of cyclable lithium due to solid electrolyte interphase growth and/or lithium plating on the graphite electrode were observed, and they are attributed as the main mechanisms responsible for the capacity loss. Furthermore, increased disordering of the graphite electrode was observed for the cell cycled at −18 °C. The graphite disordering was hypothesized to result from diffusion-induced stress and the mechanical stress caused by severe lithium plating. In contrast, the LiFePO4 electrodes showed only minimal signs of degradation regardless of the cycling temperature.
Introduction
Lithium-ion batteries are currently utilized in increasingly large applications, such as battery electric vehicles (BEVs), hybrid electric vehicles (HEVs) and stationary energy storage systems.
However, a major issue hindering the widespread adoption of these large battery systems in coldclimate countries is their poor low-temperature performance. Particularly the lifetime of the batteries can be significantly reduced as a result of low-temperature operation. To examine the mechanisms leading to the battery performance decline, several groups have studied the aging of commercial lithium-ion cells through post-mortem analyses . However, to this date, studies done on cells cycled at low temperatures are scarce [11, 12, [14] [15] [16] [17] [18] [19] [20] [21] [22] .
The aging processes of lithium-ion batteries are complicated. The capacity decrease and power fade seen during long-term operation are not caused by a single degradation process but rather result from several different processes and their interactions with each other [31] . Typically, side reactions at the electrode/electrolyte interfaces, loss of active material due to structural degradation or loss of electrical contacts, changes in the porosity and 3D structure of the electrodes as well as degradation of the non-active components (separators, binder materials or current collectors) are regarded as the most prevalent aging mechanisms [31] [32] [33] . To make the situation even more complicated, aging is affected by the operating conditions, such as cycling/storage temperature, state of charge (SoC), depth of discharge, current density and the applied voltage limits [31, 32] .
Waldmann et al. [12] have studied the effects of temperature on the aging of commercial 18650-type cells with a LixNi1/3Mn1/3Co1/3O2/LiyMn2O4 blend positive electrode and graphite/carbon negative electrode. They studied temperatures from −20 to 70 °C and found two different prevalent aging mechanisms depending on the cycling conditions. It was concluded that above 25 °C the cell performance decline is caused by both degradation of the positive electrode and a thickening of the passivating layer on the surface of the negative electrode [12] . This passivating solid electrolyte interphase (SEI) is formed because the operating potential of the carbonaceous negative electrode (around 0.1-0.2 V vs. Li + /Li) is outside of the stability window of the commonly used organic electrolytes. The building of the SEI consumes active, cyclable lithium ions from the cell, thus leading to a decrease of cell capacity [31] [32] [33] . Moreover, the SEI formation reactions lead to gas evolution and can increase the impedance of the cell [31, 34] . Ideally, this process occurs only during the formation cycle of the cell. However, small amount of SEI reformation and growth occurs during cycling over the whole battery lifetime. This is due to the formation of small cracks in the SEI as a result of volume changes in graphite with lithiation and delithiation [31, 32] .
In the same study by Waldmann et al. [12] , the authors suggested that below 25 °C the dominating aging mechanism is the plating of metallic lithium on the surface of the carbonaceous negative electrode. The potential of lithium-graphite intercalation compounds is close to the reduction potential of lithium (0 V vs. Li + /Li). If the diffusion of lithium ions into the graphite lattice becomes hindered, e.g. due to charging at sub-zero temperature, the graphite electrode can polarize beyond the reduction potential of lithium and deposition of metallic lithium may occur [15, 31, 35] . In addition, lithium plating has been observed to take place even during cycling at higher temperatures (room temperature or above) as a result of high current densities or cell drying and gas formation caused by continuous electrolyte consumption [26, 30] . Lithium plating adds to the capacity and power fade of the cell by two different mechanisms [31, 35] . Firstly, irreversible lithium plating corresponds to a loss of cyclable lithium. Secondly, the potential of the plated lithium metal is outside of the electrochemical stability window of the organic electrolyte. Thus, more SEI will grow on its surface, consuming electrolyte from the cell. Moreover, lithium depositions can cause safety hazards by decreasing the thermal stability of the cells [8, 36] .
On the positive electrode, one of the most common aging mechanisms are structural changes of the active material during cycling, especially for layered transition metal oxides [37] . For example, a hexagonal-to-spinel transition has been reported for LiCoO2 [38] . Other frequently reported aging mechanisms are e.g. transition metal dissolution and side reactions with the electrolyte leading to the formation of a cathode electrolyte interface (CEI) layer [33, 37, 39, 40] . Recently, Li et al. [21] reported a loss of active material from the Li(Ni1/3Co1/3Mn1/3)O2 electrode of a commercial 2.2 Ah pouch cell after low-temperature operation at −10 ºC. They speculated that the degradation was caused by lithium plating on the graphite negative electrode and the associated lowered lithiation degree of the Li(Ni1/3Co1/3Mn1/3)O2 positive electrode, which could be harmful to its layered crystal structure. Similarly, Wu et al. [41] have reported a higher loss of LiCoO2 active material for pouch cells with a LiCoO2/LiNi0.8Co0.15Al0.05O2 blend positive electrode after cycling at 10 ºC compared to 25 ºC.
In contrast to the layered transition metal oxides, the LiFePO4 (LFP) positive electrode material studied in this work is generally considered stable even during prolonged cycling. The operating potential of LFP lies inside the stability window of the organic electrolyte, and thus the CEI formation is not expected to contribute significantly to the aging. However, due to volume changes of the material during lithiation and delithiation (6.8% difference in volume between LiFePO4 and FePO4 [42] ), some loss of active material has been reported to take place due to particle cracking and the associated loss of electrical contacts [43] [44] [45] . Moreover, it has been suggested that the cracking of the particles [45] or HF (hydrogen fluoride) present in the LiPF6-based electrolyte could lead to iron dissolution from the material especially at elevated temperatures [26, 46, 47] . The dissolved metal ions migrate to the graphite negative electrode and reduce on the graphite surface.
Thus, they are incorporated into the SEI structure, where they increase the conductivity of the SEI and thereby accelerate its growth [31, 47] .
The aging mechanisms described above are specific to each of the active materials, and therefore they cannot be extrapolated to other cell chemistries. The graphite/LFP material combination was chosen for this study, as it is interesting for many large-scale battery systems due to its favorable safety and cycle life properties. Furthermore, it is well suited for large-scale use because of its environmental friendliness and low cost due to the lack of cobalt and nickel in the positive electrode [48] . Thus, graphite/LFP cells have found applications in electric buses, EVs and HEVs [49] , where exposure to low temperatures is unavoidable in cold-climate countries, and its effects on the cell aging should be understood better. Furthermore, the aging is affected by the cell design [16, 31, 45] , and thus it is imperative to study the aging of different cell types separately. The cylindrical cell format chosen for this work can also be found in the EV batteries.
In the literature, most of the post-mortem studies conducted for low-temperature cycled cells have employed an accelerated aging scheme using constant currents in the cycle aging of the cells [11, 12, [14] [15] [16] [17] [18] [19] [21] [22] [23] . However, for example Klett et al. [26] have shown that constant current cycling (3.75C) in a wide SoC range results in significantly more severe degradation of the cell performance than a simulated HEV bus cycle (max. 15C/23C for charging/discharging) in a narrower SoC range. In their study, the authors investigated cylindrical 2.3 Ah graphite/LFP cells similar to the cells in this study, but only at a temperature of 22 °C. In contrast to the previous postmortem studies for low-temperature cycled cells, in this work, we have chosen a simulated BEV cycle for the aging of the graphite/LFP cells to emulate the conditions in a real-life BEV battery at low temperature. Moreover, in the previous investigations on low-temperature aged cells, mainly materials characterization techniques have been used to identify the changes in the cell components.
In this study, however, we have also included electrochemical characterization of the electrodes to gain a more in-depth understanding of the aging effects on the cell performance on the electrode level.
To conclude, we present here a post-mortem analysis of commercial cylindrical 2.3 Ah graphite/LFP cells cycled at three different temperatures (room temperature, 0 °C and −18 °C) with a BEV cycle. The cycling performance of the cells has been published in ref. [50] . After electrochemical characterization of the full cells, the cells were disassembled inside an argon-filled glove box and samples were collected from the electrodes for further analysis. Electrochemical halfcell testing was used to evaluate the degradation of the electrochemical performance of the electrodes collected from the cells. In addition, these measurements were complemented with X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), inductively coupled plasma optical emission spectroscopy (ICP-OES) and Raman spectroscopy to identify the degradation mechanisms on each electrode.
Materials and Methods

Cycle aging and cell disassembly
The studied cells were high-quality commercial 26650 cylindrical format graphite/LFP cells with In short, the cycling procedure was as follows: the cells were charged at a constant current rate of 1C followed by a constant voltage period at 3.6 V until the current decreased to the cut-off value of 0.01C. After a 30 min rest period, the cells were subjected to a charge-depleting micro cycle, as described in ref. [50] , until the cut-off voltage of 2.0 V was reached. The highest charging current pulse rate applied during the charge-depleting micro cycle was 2C, and the highest discharge rate applied was 4C (Fig. S1 in the Supplementary materials). After the discharge, the cells were again charged at the rate of 1C, and the procedure described above was repeated. At every 50 cycles, the cells were brought to RT and the discharge capacities of the cells were checked by a capacity test conducted at 1C rate. The cycling was continued until the discharge capacity measured at 1C decreased below 80% of the initial capacity measured at 1C. More detailed information on the aging conditions and the cycling protocol can be found in ref. [50] . In addition to the cycled cells, a non- Before disassembling, the cells were characterized electrochemically through galvanostatic chargedischarge cycling (2.0-3.6 V) and electrochemical impedance spectroscopy (EIS) at room temperature. The cycling was conducted with a Maccor 4300 battery testing station, and the EIS with a Metrohm Autolab potentiostat (PGSTAT100) and an Autolab frequency response analyzer.
The impedance spectra were recorded after charging a capacity of 1.15 Ah at 0.05C rate to each of the cells, which corresponded roughly to the middle of the voltage plateau around 3.3 V (see Fig.   1 ). A voltage perturbation of 5 mV and a frequency range from 10 kHz to 10 mHz was used.
Thereafter, the cells were discharged at a 0.1C rate to a voltage of 2.0 V, and one cell aged at each condition was opened inside an argon-filled glove box (<10 ppm O2). The cell casings were carefully opened next to the terminals on both ends of the cells using a pipe-cutting tool, and the jellyrolls were unrolled. No indications of a short circuit caused by the disassembling procedure (e.g. heating of the cells) were observed. Samples were then cut out from the electrode jellyroll and washed three times in dimethyl carbonate (DMC, anhydrous, ≥99%, Sigma-Aldrich) in order to remove the electrolyte salt residues. After the washing, the electrodes were left to dry in the argon atmosphere of the glove box.
Structure and morphology analysis
All of the structural and morphology analyses were made on samples collected from the middle parts along the lengths of the electrode strips (see Fig. S2 in the Supplementary materials for further details). SEM images of the electrodes were taken using a JEOL JSM-7500FA field emission SEM equipped with an energy dispersive X-ray spectrometer (JEOL). All the samples were stored under argon until exposing them to air approximately 24 h before the imaging in order to prevent the reactive species on the sample surface from reacting inside the SEM. The acceleration voltage used for imaging was 5 kV, and 15 kV was used for EDX analysis.
XRD experiments were conducted with a PANalytical X'Pert Pro MPD Alpha-1 diffractometer using Cu Kα1 radiation. The measured 2θ range was 5 -120° with a 0.0131° step size. The samples were exposed to air 1 h before the XRD measurements. Rietveld refinement program Fullprof [51] was used to estimate the relative amounts of lithiated (LiFePO4) and delithiated (FePO4) phases from the XRD data of the positive electrodes.
To acquire more surface-specific data, the graphite electrodes were also characterized with grazing incidence X-ray diffraction (GI-XRD) using PANalytical X'Pert Pro MPD diffractometer with Cu Kα radiation. The measured 2θ range was 10-100° with a 0.04° step size. In addition, ICP-OES (Perkin Elmer 7100 DV) experiments were conducted on the graphite samples. For the ICP-OES analysis, the graphite coatings of unwashed samples (size 150 x 58 mm) from the middle parts of the jellyrolls were dispersed in deionized water, and both the liquid and solid phases were then analyzed for the amount of iron.
Raman spectra were recorded with a Renishaw inVia Raman microscope to study the surface properties of the graphite electrodes. An excitation wavelength of 633 nm was used. For the Raman measurements, the samples were sealed in a specially built container with a glass window to prevent contact with air.
Electrochemical half-cell characterizations
For the electrochemical testing, samples were cut from both the inner and outer parts of the electrode jellyrolls (Fig. S2) . The coating on one side of the current collector was removed by wetting the side of the electrode to be removed with N-methyl-2-pyrrolidone (NMP, Micropure™, Ashland) and gently rubbing with a cotton bud. Care was taken not to allow the NMP to wet the (Table 1 ). The rate capability measurements were conducted at room temperature. CV and EIS measurements were performed in a three-electrode setup (EL-CELL) using a 1. the LFP and graphite electrodes was measured at a SoC of 41% determined from a low rate (0.05C) capacity measurement. This SoC corresponded roughly to the SoC of the graphite electrodes in the full-cell EIS measurements prior to disassembling, and it was determined from the staging potential behavior of the graphite electrode. EIS was measured using a potential perturbation of 5 mV inside a 200 kHz to 10 mHz frequency range. The temperature during CV and EIS measurements was controlled with a temperature chamber (Vötsch) to 23 °C, and the cells were let to stabilize to the temperature for 2 h before the measurements.
Results and discussion
Full-cell condition before disassembling
A summary of the cycle aging parameters and the cycle life results for the full cells is presented in Table 2 . To review the detailed cycling performance of the cells, the reader is again referred to the article by Omar et al. [50] . In short, all of the cells were cycled at the studied temperature (room temperature, 0 °C or −18 °C) using a simulated BEV cycle until the capacity, measured during a capacity test cycle (25 °C, 1C) that was conducted every 50 cycles, decreased to 80% of the original value. The cycle life of the cells at room temperature was 2071 equivalent cycles [50] , which is well in line with the specifications given by the manufacturer. The equivalent cycles correspond to the total net discharge capacity accumulated during the cycle life of the cell divided by the discharge capacity measured at the beginning of life at 1C and 25 °C. A significant reduction of the cycle life at −18 °C was observed: the cycle life at −18 °C was less than 10% of the value at room temperature [50] . On the other hand, the reduction in cycle life at 0 °C was not very significant, and the cells could still deliver roughly 90% of the number of cycles at room temperature [50] .
Accordingly, it can be said that cycling at a sub-zero temperature has a significant negative effect on the lifespan of the cells, and that especially charging at sub-zero temperatures should be avoided in all applications where the batteries are utilized. Although the cells were cycled until the discharge capacity at 1C decreased to 80% of the initial value, differences between the end capacities of the cells measured at 0.05C before disassembling are seen in Table 2 . This is because the 1C current rate used in the determination of the end-ofcycle-life condition during the cycle aging is rather high. At 1C, the cell resistance has an effect on the measured discharge capacity, whereas the low current of 0.05C represents the electrochemically available capacity in the cells more accurately.
All of the cells were acquired at the same time and disassembled roughly at the same time. Because the time taken by the cycle aging varied according to the cycling temperature and the cycle life of the cells, there were differences in the storage times between the termination of the cycle aging and the disassembling. Accordingly, the cells were stored at room temperature for a period of approximately 10-25 months prior to disassembling, as seen in Table 2 . However, the effect of the storage on the cell components can be assumed small compared to the effects of the cycle aging. It has been shown in several studies [13, [53] [54] [55] that the capacity fade and impedance increase of graphite/LFP cells are small during storage at room temperature. Moreover, the same studies show that the capacity decline is more strongly dependent on the storage temperature than on the SoC.
For example, Kassem et al. [53] measured a 5% decrease in the low-rate capacity after 8 months of storage at 30 °C and 30% SoC, whereas the value was 6% for cells stored at SoCs of 65% and 100%. The cell impedance increase was around 10% after the same storage period, regardless of the cell SoC [53] . In a post-mortem study by the same group it was shown that the performance decline due to storage is mostly caused by loss of cyclable lithium in the passivating layer on graphite, whereas other aging mechanisms are less significant [13] . Furthermore, it should be noted that calendar aging occurs also during the cycling of the cells [56] . Consequently, as the time between cell manufacture and disassembling was the same for all of the cells in this study, including the reference cell, the differences seen between the cells can be assumed to originate from the cycle aging at different temperatures.
Voltage profiles measured at a low current rate of 0.05C prior to dismantling the full cells are presented in Fig.1a . The impedance spectra recorded at 50% SoC (determined from the nominal capacity; 1150 mAh was charged to each cell) are shown in Fig. 1b as Nyquist plots. The impedance responses of all the cells consist of a high-frequency semicircle and a low-frequency tail, which are similar for all of the aging conditions. The high-frequency semicircle can be ascribed to the charge-transfer reactions and interfacial processes on both of the electrodes, whereas the low-frequency tail can be attributed to diffusion. The differences in the high-frequency semicircles are small, which indicates a similar charge-transfer resistance for all of the cells. The high-frequency intercepts with the real axis, corresponding to the cell ohmic resistances, are also very similar; the differences are within the experimental error. Moreover, it should be noted here that estimating from the positions of the voltage plateaus on the capacity axis in Fig. 1a , the lithiation degrees of the graphite electrodes (corresponding to the charged capacity of 1150 mAh) can be assumed roughly similar in all of the EIS measurements. However, the lithiation degrees of the LFP electrodes may vary according to the amount of cyclable lithium loss from the cells, which could have a minor effect on the EIS response of the cells. Accordingly, small differences in the lithiation degrees of the electrodes could cause the slightly smaller high-frequency semicircle measured for the 0 °C cell. Overall, Fig. 1 suggests that the full-cell performance loss was dominated by a decrease in the reversible capacity caused by a loss of cyclable lithium from the cells, whereas the contribution of power fade due to impedance rise was secondary. The result is consistent with the ones reported by for example Liu et al. [14] for 2.2 Ah cylindrical graphite/LiFePO4 cells.
Disassembly and visual analysis of the cell components
After discharge at 0.1C rate to a voltage of 2.0 V, the cells were disassembled inside an argon-filled glove box. All of the cells still had electrolyte left at the time of opening. Photographs of both the positive and negative electrodes taken during the disassembly of the full cells are presented in Figs.
S4 and S5 in the Supplementary materials.
The LFP electrodes in all of the cells appeared visually undamaged by the aging (Fig. S4) . The electrodes had a glossy black surface and the coating was still well attached to the current collector.
No visual differences could be observed between the LFP electrodes cycled at different temperatures. For the graphite electrodes, the situation was different (Fig. S5) . Even the graphite electrode of the reference cell showed differences in color between the edge and middle parts along the width of the electrode. The edges had a brownish gray color indicating a different degree of lithiation compared to the middle of the electrode strip, which showed a blue color. Similar differences were observed for the 0 °C and RT electrodes, which are described more specifically in the Supplementary materials. Especially the RT graphite electrode was brittle; small parts of the graphite coating detached from the current collector when the separator was removed during the disassembling. The delamination of the graphite coating was more severe towards the core of the cell.
Especially at approximately 1 cm from the edge of the 0 °C graphite electrode, light gray areas were observed (Fig. S5c ). These were presumed to be metallic lithium. The amount of the deposits appeared to increase towards the core of the cell. Furthermore, small light grey deposits could be seen in the areas close to the current collecting tabs in all of the cells, even in the reference cell.
These deposits appeared more prominent in the outermost parts of the jellyroll. These deposits, as well, were most likely metallic lithium, and they were probably formed already during the formation cycles of the cells. The graphite electrode of the −18 °C cell had a uniform silvery metallic color, which was most likely caused by severe lithium plating. The assumption that the above described deposits were plated lithium metal was further supported by the observation that the graphite electrodes from the −18 °C and 0 °C cells reacted more vigorously (forming gas bubbles) compared to the RT and reference electrodes when brought into contact with water. As all of the graphite electrodes were delithiated prior to disassembling, the contribution of the residual intercalated lithium to the gas formation could be assumed small. Therefore, it can be concluded that during charging at the low temperature of −18 °C, the graphite electrode polarized well beyond the reduction potential of lithium, whereas at 0 °C, the polarization was not as significant. (Fig. 2b) . The surface of the −18 °C electrode (Fig. 2d) is covered by larger particles of an unknown material that partly cover the graphite flakes. These particles are assumed to be oxidation products of the plated lithium, formed in reactions with air prior to the SEM analysis (the samples were exposed to air, as described in Section 2.2). The EDX analysis of the particles showed higher oxygen content when compared to the graphite flakes, which supports the assumption that these particles are oxidation products of species deposited on the electrode surface. In the visual analysis of the cells during the disassembling, severe lithium plating was observed on the graphite electrode of the −18 °C cell, which explains the large amount of lithium oxidation products on its surface after air exposure.
Analysis
In low-magnification SEM images (Fig. S6 in Supplementary materials), some loss of graphite active material is observed as small craters where the lower layers of the graphite coating are visible. These graphite flakes have probably detached from the electrode when the separator was removed during the disassembly of the full cells. Especially, small parts of the graphite electrode from the inner part of the cell cycled at RT were observed to stick to the separator when the cell was dismantled. This loss of graphite appeared more significant for the RT and 0 °C cells (compared to the reference cell), which is in line with the electrochemical analysis of the full cells in Section 3.1.
As described above, the presumed oxidation products of lithium covered the surface of the −18 °C graphite electrode, and thus the integrity of the coating could not be analyzed from the SEM images. Table 3 shows the results of the EDX analysis of the graphite electrodes, which were taken as an average over a surface area of roughly 80 x 110 µm 2 . The amount of oxygen relative to the amount of carbon was observed to be slightly higher for the cycled electrodes compared to the non-cycled reference, which is consistent with the thicker appearing surface film seen on these samples in Fig. 2. Fluorine and phosphorus were present in similar amounts in all of the samples. Both elements are expected for a SEI formed in a LiPF6-based electrolyte [40] . Furthermore, some of the fluorine detected in the EDX could arise from the binder material. A small signal arising from the copper current collector was also measured for all the samples but is not listed in Table 3 . However, the copper signal indicates that the EDX measurement probed the whole thickness of the graphite electrode, and it can therefore be considered here as a bulk technique.
As the samples were exposed to air prior to the EDX measurements, a detailed analysis of the SEI composition is not possible here. However, the slightly stronger oxygen signal and the lower carbon signal of the electrodes cycled at RT and 0 °C (compared to the reference) are considered to result from a higher amount of reduction products of the carbonate-based electrolyte. In addition, the oxidation products of plated lithium (due to contact with air) on the surface of the 0 °C electrode are expected to contribute to the amount of oxygen on the surface of the electrode. The significantly higher amount of oxygen in the −18 °C electrode, in turn, most likely arises primarily from the reaction products of the plated lithium with air. Iron that might have migrated from the LFP electrode could not be indisputably detected on the surface of any of the graphite electrodes. It should be noted that the fluorine Kα signal partly overlaps with the iron Lα signal, which makes the standard error of the EDX analysis rather high for these elements, as shown in Table 3 . To obtain a more reliable analysis of the iron amount in the SEI, ICP-OES analyses of non-rinsed graphite electrodes were conducted as well, and the results are presented in Section 3.4.1. Table 3 . EDX results of the graphite electrodes recovered from the full cells. In XRD analysis of the graphite electrodes, no significant changes in the graphite bulk structure were observed. Most of the reflections seen in the diffractograms (Fig. S7 and S8 in the Supplementary data) belong to bulk graphite and the copper current collector. However, some additional peaks are also seen, which are considered to originate from the SEI components and the oxidation products of the plated lithium. These include small reflections caused most likely by LiOH, Li2CO3 and LiF. For example, an increase in the amount of LiF on the graphite surface as a result of cycling especially at higher temperatures has been reported in the literature [7, 26, 40] .
Other common inorganic SEI components include Li2O and Li2CO3 [26, 40] . Furthermore, as stated earlier, the oxidation of the plated lithium on the surface of the low-temperature cycled graphite electrodes as well as remaining intercalated lithium inside the graphite particles can also result in the formation of species such as LiOH and Li2CO3 on the electrode surface [59] . The detected intensities of these supposed lithium oxidation products are again highest for the −18 °C electrode.
However, many of the peaks overlap with each other, which makes quantitative analysis unreliable.
Moreover, amorphous components possibly present in the SEI cannot be detected with XRD.
Raman spectra recorded for the graphite electrodes are presented in Fig. 3 has been reported before for graphitic materials [69, 70] . However, based on the above results it appears that low-temperature cycling also promotes the disordering of graphite. The possible causes for the phenomenon are discussed further in the next section. Fig. 3 . Raman spectra of the graphite electrodes disassembled from the full cells.
Electrochemical properties
The rate capability performance of the graphite electrode samples recovered from the inner and outer parts of the jellyrolls are presented in Fig. 4a The first step of the rate capability measurement was a discharging step (delithiation) at a C-rate of 0.05C to see if measurable amounts of lithium had remained intercalated in the graphite structure after the 0.1C discharge of the full cells before disassembling. However, none of the graphite electrodes showed a measurable amount of residual lithium in the half-cell testing.
The capacities measured at the low current rate of 0.05C in Fig. 4a and b can be taken to represent the amount of electrochemically active graphite available in the electrodes, since at this low current the electrode polarization can be considered to have a negligible effect on the measured capacity.
Thus, it is seen from Fig. 4a and b that the discharge capacities of all of the cycle-aged electrodes are somewhat smaller compared to the non-cycled reference, which indicates a slight loss of active material from the graphite electrodes. The result is consistent with the electrochemical analysis of the full cells prior to disassembling (Section 3.1) which suggested a minor loss of electrochemically active graphite for the RT and 0 °C cells. Furthermore, the results are similar for samples from both the inner and outer parts of the electrode jellyrolls.
The loss of graphite active material during full-cell cycling could be caused by e.g. excessive buildup of the SEI, cracking of the graphite particles due to diffusion-induced stress or degradation of the binder. The loss of graphite active material can also explain why brownish gray or blue color was observed in the graphite electrodes but lithium could not be deintercalated from the electrodes in the half-cell tests. If some of the lithium has been trapped inside the graphite and lost electrical contact during the charging steps, differences in color could be seen but the lithium would not be active in electrochemical testing. Moreover, some detachment of graphite particles was seen also in the SEM images (shown in Fig. S6 in Supplementary materials). This also contributes to the loss of electrochemically active graphite in the half-cell testing and is proposed to result from the degradation of the binder properties with cycling.
The 0 °C electrode has suffered from loss of graphite active material the most, whereas the area capacities of RT and −18 °C samples are more similar to the reference sample. The 0 °C cell had undergone a significantly higher amount of charge-discharge cycles during the cycle aging of the cells compared to the reference and −18 °C cells (see Table 2 ). Thus, it is not surprising that the 0 °C graphite electrode has lost more of its reversible capacity. However, the difference between the RT and 0 °C samples is more unexpected: the RT cell could be cycled for 2071 equivalent cycles compared to the 1850 cycles for the 0 °C cell before the cells met the end-of-cycle-life condition of 80% remaining capacity at 1C. The larger loss of active graphite of the 0 °C cell could be affected by differences in the mechanical properties of the binder at low temperatures as well as the properties of the SEI formed on the surface of the graphite electrode at 0 °C. In a recent study by
Friesen et al. [71] , the authors found that the ability of the SEI to protect the underlying graphite is strongly dependent on the cycling temperature, especially if the temperature is outside of the optimized range of the electrolyte mixture. Thus, the degradation of the 0 °C graphite electrode could be affected by the poorer ability of the SEI to passivate the surface.
It can be seen from Fig. 4a and b that there is also a difference in the area capacities between the inner and outer parts of the 0 °C graphite electrode. This most likely arises from a non-uniform current density during the cycle aging at 0 °C. A temperature gradient is expected to form between the inner and outer parts of the electrode jellyroll when cycling a cylindrical cell. A higher temperature for the inner parts is expected due to limited heat transfer rate of the cells, as will be discussed further in Section 3.4.2. A higher temperature would cause the current density to be higher in the inner parts of the jellyroll during cycling, which is expected to accelerate the aging of the inner parts. The adverse effect of increasing current density on the studied cells is demonstrated in the previous work by N. Omar et al. [50] . Furthermore, in the visual analysis of the 0 °C electrode, the presumed lithium deposits appeared more prominent in the inner parts of the jellyroll compared to the outer parts. Accordingly, the higher current density appears to promote the lithium plating more strongly than the lower temperature of the skin parts of the cell.
In Fig. 4a and b, it can further be noted that when the C-rate is increased, the discharge capacity decreases similarly for the graphite electrodes of the reference, RT and 0 °C cells. However, a surprisingly small decrease in discharge capacity with increasing C-rate is observed for the graphite electrodes disassembled from the −18 °C cell. Again, the behavior is similar for samples from both the inner and outer parts of the jellyroll. It is suggested here that the enhanced performance results from an increase in the accessible graphite particle surface area of the −18 °C electrode. This could be caused by graphite particle cracking due to diffusion-induced stress and the mechanical stress caused by the lithium plating. At low temperatures, lithium diffusion in the graphite lattice is slow, and significant concentration gradients can form inside the particles. As the lithium insertion/extraction causes a volume change (approximately 10% change in the graphene layer spacing from pristine graphite to LiC6 [72] ), the concentration gradients can lead to diffusioninduced stress and eventually cracking of the graphite particles or the particle surfaces [73] [74] [75] . For example, in a study by Takahashi et al. [75] , graphite particle cracking was detected by SEM after 100 cycles at −10 °C temperature (10C current rate). On the other hand, in a study by Burow et al. [20] , the authors observed that in lithium-ion cells pulse charged (8C current rate) at a −15 °C temperature lithium plating occurs not only on the graphite particle surfaces but also on the inner surfaces of pores inside the graphite particles. The authors proposed that this could lead to cracking of the graphite particles. Also Petzl et al. [15] saw a loss of graphite active material in their study of commercial graphite/LFP cells after cycling the cells at a temperature of −22 °C (1C current rate).
They attributed the loss of active material to the volume stresses caused by continuous lithium plating and stripping.
In the present study, the hypothesis of graphite particle cracking either due to diffusion induced stress and/or lithium plating is in line with the Raman spectra (Fig. 3) where indications of an increased amount of disordered carbon were observed for the −18 °C electrode. The XRD data, however, implied that the bulk structure of the graphite remained unchanged after cycling at −18 °C. Thus, the suggested cracking and disordering of the graphite most likely occurs along the grain boundaries or only on the particle surfaces. It is well known that the insertion of lithium into graphite is highly anisotropic and occurs only through the prismatic surfaces or defects in the basal planes [58] . Accordingly, it is suggested that the disordering of the graphite creates more sites for the (de)insertion of lithium ions, thereby leading to the improved rate capability performance. Moreover, the above described graphite particle cracking and subsequent loss of electrical contacts could also contribute to the loss of graphite active material observed for the 0 °C electrodes.
The cyclic voltammograms in Fig. 4c are in line with the rate capability results. The integrated area of the anodic peaks (delithiation) corresponding to the capacity of the graphite electrode is slightly higher for the reference cell compared to the cycled ones. Furthermore, the separation between the anodic and cathodic peaks is smaller compared to the cycled electrodes, indicating faster kinetics or a lower resistance for the reference sample. The samples for the CV measurement were collected from the outer part of the electrode jellyroll. Thus, the significant loss of graphite material seen for the 0 °C sample from the inner part of the jellyroll is not seen in the CVs.
The impedance spectra measured for the outer parts of the graphite electrodes are presented in Fig.   4d . The Nyquist presentations consist of three semicircles and a low-frequency tail related to diffusion. The semicircles are heavily depressed due to the porosity of the graphite electrodes. The high frequency semicircle has previously been ascribed to interfacial impedance related to the current collector [26, 76] . The mid-frequency and low-frequency semicircles are ascribed to the interfacial properties of the porous electrodes and the charge-transfer reactions. It should be noted that the high-frequency semicircle and the high-frequency intercept with the real axis in the Nyquist plots can be affected by the sample preparation procedures and by minor differences in the position of the reference electrode in the three-electrode setup used in the measurement. Therefore, the highfrequency intercept with the real axis representing the ohmic resistance of the cell cannot be taken to reflect the differences in the ohmic resistances of the graphite electrodes reliably. Thus, it is omitted from the analysis of the EIS data.
In the Nyquist plots in Fig. 4d , it can be seen that the impedances of the reference graphite electrode and the 0 °C and RT electrodes are similar. However, the −18 °C electrode presents a notably higher impedance, which is most likely caused by the lithium plating on the graphite surface. As the potential of metallic lithium is outside of the stability window of the carbonate-based electrolyte, the significant amount of lithium plating observed visually during the cell disassembly is expected to cause the formation of a thick passivating layer on its surface. Accordingly, a significant amount of Li2CO3 was observed on the −18 °C electrode with Raman spectroscopy. This result seems to contradict the result of the surprisingly good rate capability performance of the electrode. However, also in the rate capability tests of the −18 °C electrode, a higher polarization compared to the reference was observed, which is in line with the EIS result. Therefore, it is hypothesized that the most likely explanation for the surprisingly good rate capability performance is a lowered diffusion distance within the particles caused by the increased surface area rather than, for example, an increased conductivity of the SEI due to the lithium plating.
Analysis of the LFP positive electrodes
SEM and XRD analyses
The SEM images of the LFP electrodes are shown in (Fig. 6d) .
The stability of the LFP material was studied also indirectly by analyzing the amount of iron impurities on unwashed graphite electrodes by ICP-OES. The amount of iron detected on the graphite was low for all samples: the concentration of iron on the graphite electrodes was lowest for the reference sample and the sample cycled at −18 °C (60−100 µg/g), and slightly higher for the samples cycled at RT and 0 °C (around 150 µg/g for both of the samples). Therefore, the dissolution of iron from the LFP electrodes was not a significant contributor to the aging of the full cells.
Electrochemical properties
The discharge capacities as a function of C-rate measured for the LFP electrodes recovered from cells cycled at different temperatures are presented in Fig. 6a The impedance spectra of the LFP electrodes in Fig. 6e further highlight the similarity between the electrodes from the cells cycled at different temperatures. The Nyquist plots show one slightly depressed semicircle related to the charge-transfer reactions on the LFP electrode and a lowfrequency diffusion tail. Again, the high-frequency intercepts with the real axis cannot be taken to reflect the differences in the ohmic resistances of the LFP electrodes reliably, even though the LFP electrodes were less brittle than the graphite electrodes. for the same cell type using glow discharge optical emission spectroscopy and attributed the difference in the amount of lithium plating to temperature gradients within the cells. They measured a 1.5 ºC higher temperature in the inner parts of the jellyroll compared to the surface of a cell operating at −20 ºC. This could explain the observed difference in the amount of deposited lithium, as the rate of lithium diffusion into the graphite lattice is strongly dependent on the temperature.
A lower lithiation degree of the LFP electrode in the outer parts of the jellyroll was also observed for the 0 °C and RT cells. Furthermore, even the reference cell showed variation in the lithiation degree, although the difference was smaller. This is likely affected by the lithium plating observed in the areas close to the current collecting tabs in all of the cells, which appeared more prominent in the outermost parts of the jellyroll. Furthermore, non-uniform surface film formation on the graphite electrode and corresponding differences in the lithiation degree of the adjacent positive electrode after cycling at room temperature or above have been reported by Klett et al. [26] . They assigned this phenomenon, as well, to gradients in the temperature and pressure of the cells, leading to non-uniformities in the current density and utilization of the electrodes. In any case, the observation that the lithiation degree of the LFP electrode from the reference cell was also not constant throughout the cell suggests that the underlying cause of the phenomenon is not the aging of the cells, but rather it is inherent to the cell type or design. Moreover, the effects of the tab locations should be studied further.
Discussion on full-cell aging based on the characterizations of the electrodes
The full-cell performance loss was mostly seen as a decrease of the cell capacity, whereas the impedance responses of all of the cells remained very similar (Fig. 1b) . Thus, it can be said that while the capacity decreased as the cells aged, the power performance and energy efficiency were not significantly affected by the cycling at any of the studied temperatures. However, it should be noted that the cell impedance is intrinsically higher at low temperatures due to the low rate of the electrochemical processes in the cells at low temperature. The lithiation degrees of the cycled LFP electrodes, corresponding to the amount of cyclable lithium in the cells, were smaller compared to the non-cycled reference (Fig. 6d) . On the other hand, major loss of active material was not detected on any of the electrodes. Therefore, it can be concluded that the full-cell capacity loss was primarily caused by loss of cyclable lithium from the cells. The dominant mechanism causing the loss of active lithium varied according to the cycling temperature. Indications of significant lithium plating were found on the surface of the graphite electrodes from the cells cycled at temperatures of −18 °C and 0 °C. On the other hand, the SEM images and EDX analysis of the cells cycled at room temperature and 0 °C suggested a thickening of the surface films on the graphite electrode ( Fig. 2 and Table 3 ).
Even though it was not major, some loss of graphite active material was observed for the cycled cells. The charge-discharge curves of the full cells and the corresponding differential voltage analysis conducted prior to disassembling indicated minor graphite active material loss for the RT and 0 °C cycled cells. In the half-cell measurements, the discharge capacity in the most degraded area of the graphite electrodes, the inner parts of the 0 °C jellyroll, was 9% smaller than the capacity of the reference sample (Fig. 4) . Moreover, a less pronounced loss of graphite active material was observed for the RT and −18 °C cells, too. The loss of electrochemically active graphite was most likely caused by the mechanical stresses related to continuous cycling due to diffusion-induced stress and lithium plating as well as due to the thickening of the SEI. Moreover, degradation of the properties of the binder probably affected the graphite loss, as well, since some detachment of graphite particles was observed with SEM. However, due to safety reasons, the capacity of the graphite negative electrode is always higher than the capacity of the positive electrode in commercial cells. Thus, the contribution of the graphite active material loss to the capacity decline of the full cells was likely not significant. However, if the loss of graphite active material had occurred while the graphite was in a lithiated state, it could have also contributed to the loss of cyclable lithium from the cells.
Interestingly, a better rate capability performance was observed for the graphite electrode disassembled from the cell cycled at −18 °C when compared to the non-cycled reference cell (Fig.   4 ). This is suggested to result from graphite particle cracking due to diffusion-induced stress and the mechanical stress caused by the lithium plating. Furthermore, this conclusion is supported by the Raman spectroscopy results, which indicated a higher amount of disordered carbon on the surface of the graphite electrodes from the cells cycled at low temperatures. In the full-cell tests prior to dissembling, however, improved performance was not observed for the cell cycled at −18 °C. The improved rate capability performance of the graphite electrode could be canceled out by the degradation of the other cell components, such as the electrolyte, the current collector and the separator. Furthermore, the electrode pretreatments during the cell disassembling (e.g. washing with DMC) could have an effect on the performance in the half-cell tests. Nevertheless, it is an interesting phenomenon, which has not been reported earlier for low-temperature cycled commercial cells.
Despite the improved rate capability, a higher impedance was measured for the graphite electrode in the outer part of the jellyroll of the cell cycled at −18 °C. However, a higher impedance was not detected for the −18 °C cycled full cell. This is most likely affected by the non-uniformity of the degradation throughout the jellyroll. The lithiation degree of the −18 °C cycled LFP electrode was observed to be smaller in the outer parts. This can be taken as an indication that the amount of lithium plating on the graphite was likely higher in the outer part of the jellyroll compared to the other parts. From the full-cell impedance spectra, it is difficult to distinguish between the responses of the different parts of the jellyroll as well as the individual electrodes. The impedance responses of both of the electrodes were severely overlapped for the cells in this study. Therefore, the increased impedance of the outer part of the graphite electrode could be masked by the contributions from the positive electrode as well as the graphite electrode in other parts of the jellyroll. Non-uniform lithiation degrees were measured for the LFP electrodes of the other cells as well, which indicates that the aging is not uniform throughout the cells. This is, however, difficult to verify from non-destructive full-cell measurements, which should be taken into account when developing state-of-health estimation procedures.
Finally, the results also demonstrate the stability of LFP during cycling at room temperature or below, in contrast to other common positive electrode materials. For example, phase transitions on the surface, transition metal dissolution and surface modifications due to reactions with the electrolyte are commonly reported especially for the layered transition metal oxides [31, 37] . On the contrary, the LFP material in this study did not show significant loss of active material, impedance increase or changes of material properties due to the low temperature operation. Thus, the negative electrode side was the primary contributor to the full-cell performance loss.
Conclusions
In this work, the low-temperature cycle aging of commercial graphite/LFP cells was studied through post-mortem analysis. Prior to disassembly, the cells were cycled at three different temperatures (room temperature, 0°C and −18 °C) with a load profile simulating the battery behavior in a battery electric vehicle. The electrochemical characteristics of the full cells measured before disassembling were very similar, showing mainly a shrinking of the high-voltage plateau in the voltage profiles. Accordingly, a loss of cyclable lithium could be identified as a likely cause of the capacity decrease of the cells, but the mechanisms causing it could not be determined without disassembling the cells.
When the cells were dismantled, the main causes of the loss of cyclable lithium were observed to be lithium plating and SEI growth on the graphite negative electrode. Which of the mechanisms was dominating, depended on the cycling temperature. On the graphite electrode of the cell cycled at −18 °C, significant lithium plating was observed, and it is considered the main mechanism causing the full-cell capacity loss at sub-zero temperatures. There were some indications of lithium plating on the surface of the graphite electrode in the cell cycled at 0 °C, as well, but it was significantly less severe compared to the −18 °C cell. Furthermore, indications of a thickening of the graphite SEI were found on the surface of the 0 °C graphite electrode, as well. Thus, it appears that there were two significant aging mechanisms at 0 °C; the lithium plating and the SEI thickening. At room temperature, in turn, the loss of cyclable lithium was primarily caused by a thickening of the SEI on the graphite electrode.
Some loss of graphite active material was also observed for the negative electrodes of the cycled cells. This was not, however, considered a significant contributor to the full-cell performance decline, due to the oversizing of the negative electrode in commercial cells. In addition, an improvement of the rate capability performance accompanied by a higher amount of disordered carbon was observed for the graphite electrode disassembled from the cell cycled at −18 °C. This was hypothesized to result from the cracking of the graphite particles or particle surfaces caused by the mechanical stresses related to lithium plating and to diffusion-induced stress at low temperature.
The LFP positive electrodes, in turn, did not show significant signs of degradation at any of the studied temperatures, highlighting the stability of LFP in low-temperature operation.
Finally, the different aging mechanisms could not have been distinguished without the post-mortem analysis. For example, lithium plating, which is a significant safety hazard, could not have been discovered without dismantling the cells or predicted without knowing their thermal histories. This should be taken into account when considering the large-scale use of lithium-ion batteries in second life applications, especially for cells operated in cold-climate countries.
